Purpose: To determine the effect of curvature on the magnitude and direction of displacement forces acting on aortic endografts in 3-dimensional (3D) computational models.
Pulsatile aortic blood flow and pressure exert time-varying loads on all intra-aortic devices. [1] [2] [3] Long-term durability of these devices requires continuous mechanical fixation of the vascular prosthesis to prevent displacement. [4] [5] [6] Failure of fixation can lead to device migration and adverse clinical events, such as secondary interventions, endoleaks, rupture and death. 7 A number of factors hypothesized to affect device migration have been clinically investigated, including aortic neck diameter, length, and angulation; neck calcification and thrombus; neck enlargement; inadequate proximal and distal fixation length; and neck enlargement. [8] [9] [10] In-vitro 11 and in-vivo experimental studies, 12 as well as theoretical 13 and computational studies, [14] [15] [16] [17] [18] [19] have been conducted to investigate the magnitude of the loads acting on endografts. These loads have been referred to as migration forces, displacement forces, or drag forces. While some of these studies have analyzed several factors affecting migration forces, such as device size, hypertensive state, and different geometrical configurations, in all cases the reported forces have been assumed to act primarily in the downward (caudal) direction of blood flow. Experimental studies exerted linear downward displacement force on devices and computational studies considered devices in a planar and therefore idealized configuration. However, in humans, aortoiliac geometry is usually curved, with anterior angulation of the aneurysmal aorta and posterior curvature of the iliac arteries in the pelvis. This results in significant centerline lumen curvature of the aortoiliac segment and significant post-implantation curvature of implanted aortic endografts. In cases of severe aneurysm and aortic neck angulation, this curvature may be quite pronounced and may become more accentuated over time due to endograft migration. In this study, we investigated the impact of curvature on the displacement forces experienced by aortic endografts using a 3-dimensional (3D) computational technique.
METHOD
A 3D computer model of an abdominal aortic aneurysm (AAA) was constructed using a deidentified patient phase-contrast magnetic resonance angiography (MRA) dataset. The computer model included data from the supraceliac aorta to the iliac arteries, including the celiac, superior mesenteric, and renal arteries ( Fig. 1 ). 20 Using the computer model, Figure 1 ¤ A 3D computer model was built based on the MRA dataset shown on the left. The preoperative CFD analysis is shown along with the post-endograft implantation CFD analysis. a computational fluid dynamics (CFD) analysis was performed to simulate blood flow and blood pressure. 21, 22 In this analysis, additional patient-specific flow data [cine phase-contrast magnetic resonance imaging (PC-MRI)] at the supraceliac and infrarenal levels and pressure data (brachial pressure cuff measurements acquired immediately after the scan) were considered in order to model the baseline flow and pressure conditions in this patient as accurately as possible. 23 An aortic endograft was then virtually implanted in the aneurysm model and another CFD analysis was performed ( Fig. 1) . These flow and pressure baseline conditions remained unchanged in both the pre and post endograft simulations. The magnitude and direction of time-varying loads exerted by blood flow on the device were calculated by integrating the distribution of tractions (pressure and the shearing stresses) acting on the surface of the endograft (Fig. 2) . The implanted endograft model was then modified to (a) eliminate endograft curvature, (b) straighten aortic neck angulation, and (c) straighten iliac angulation. For each endograft configuration, the magnitude and direction of displacement forces were calculated.
RESULTS

Preoperative Analysis
The results of the preoperative computational model are shown in 
Post-Implantation Analysis: Curved Endograft
In this scenario, the dimensions of the endograft were chosen to reflect the sizes of the infrarenal aortic neck and the iliac arteries. The course of the endograft closely follows the preoperative aortic geometry and reflects the expected position of the endograft following deployment. The curvature of the endograft is described by the formula C 1 5 1/R 1 , where R 1 is the radius that approximately fits a circle through the path of the graft; thus, the smaller the radius R 1 the larger the curvature of the endograft. The magnitude and vector of displacement force acting on the endograft in the AP (anteroposterior), lateral, and axial projections are shown by Figure 2 ¤ Wall shear (left) and pressure (right) stresses representing the actions of the blood on the endograft. These stresses are integrated over the surface of the endograft to calculate the total 3D force exerted by the pulsatile flow. Note that the pressure is several orders of magnitude larger than the shear stress. This fact, together with the main curvature of the graft, dictates the magnitude and orientation of the displacement force.
the size and direction of the arrows in Figure 4 . The displacement force is primarily directed anteriorly and laterally and is largely in a sideways direction with respect to the axis of blood flow in the artery. The force vector appears to be largely determined by the curvature of the endograft.
Quantitative assessment of displacement forces acting on the endograft using CFD analysis is shown in Table 1 . The 3D vector representing the temporal average of the total migration force reveals that the total displacement force acting on the endograft is 5.01 N; the largest components of force are in the anterior and lateral directions. The downward component of the force in the direction of blood flow, F z , was relatively small compared to the sideways component, accounting for only 28% of the total force. Thus, 72% of the total displacement force was directed laterally or sideways with respect to the direction of blood flow.
Reduced Curvature (Planar) Endograft
The post-implantation computer model was altered to reduce endograft curvature by modifying the anatomy of the aorta in the region of the aneurysm to accommodate the endograft in an almost flat or planar configuration. The endograft dimensions and the aortic and branch flow and pressure conditions were unchanged. The curvature of the endograft was much reduced (Fig 5; C 2 5 1/R 2 , C 2 % C 1 ). CFD analysis of the reduced curvature endograft revealed a significant (more than 5-fold) reduction in the total displacement force acting on the endograft to 0.8 N. The orientation of the displacement force vector was similar to that found in the curved endograft model (see Table 1 ), with 30% of the total force directed downward and 70% directed sideways. Thus, even in the reduced curvature model, the primary direction of displacement force was sideways with respect to the direction of blood flow. 
Comparison of Curved to Planar Endograft
Comparing the pulsatile forces acting on the normally positioned curved endograft and the modified planar endograft, the flow and pressure conditions in both models were virtually identical ( Fig. 6 ). As can be seen in the figure, the changes in endograft curvature did not alter the pressure field in the aorta significantly. However, there were marked changes in the total displacement force acting on the endograft. The temporal average total displacement force in the planar endograft was reduced by 5-fold to 0.8 N compared to the normally positioned curved endograft, which experienced a total force of 5 N. In both cases, the largest component of the force was F y (i.e., anterior direction), which can be explained by the slight angulation of the neck of the abdominal aorta, directing the blood stream to impinge the endograft on the anterior face.
Aortic Neck and Iliac Angulation
The curved endograft model was modified to (a) reduce aortic neck angulation and (b) reduce iliac artery angulation. The magnitude and vector of total displacement force acting on the endograft are shown by the size and direction of the arrows in Figure 7 . There were significant differences in both the magnitude and the direction of the displacement force for the 3 endograft configurations. The numerical values of the components of the force vector are shown in Table 2 . The reduced neck angulation model showed a 17% reduction in displacement force compared to the normal curved model. The reduced iliac angulation model showed a 58% reduction in total displacement force compared to the normal curved model. The 
DISCUSSION
Previous experimental and computational studies of aortic endograft fixation and migration have been based on the assumption that endograft displacement forces are directed downward, in the caudal direction of blood flow. Current endografts are designed with a variety of fixation strategies to resist this downward displacement force. Nonetheless, all currently available endografts have experienced device migration. To our knowledge, no other 3D analysis of displacement forces acting on an aortic endograft has been done in a patient-specific aneurysm model that includes both the endograft geometry and the visceral branches (celiac, superior mesenteric, and renal arteries). Our findings in this anatomically realistic model show that the primary vector of displacement force acting on an aortic endograft is not downward in the direction of blood flow, but rather in a sideways direction or lateral to the axis of blood flow. Both the magnitude and vector of displacement force are greatly influenced by the curvature of the endograft. The greater the curvature of the endograft the greater the total displacement force acting on the endograft and the larger the sideways component of displacement. In addition to curvature of the endograft, angulation of the proximal aortic fixation zone and distal iliac fixation zone are important in determining endograft displacement force. Almost all endografts have significant curvature due to the normal anatomy of the abdominal aorta, which is determined by the anterior angulation of the supraceliac aorta 
¤ ¤
and posterior curvature of the iliac arteries deep in the iliac fossa. This may not be apparent on the usual AP imaging of the aorta and is best appreciated on lateral or oblique image projections. Many aneurysms have great degrees of angulation and tortuosity, and the degree of endograft curvature is often much greater than the endograft modeled in this study. Greater degrees of endograft curvature will result in significantly larger forces applied to the endograft. While clinical endograft migration is usually described as longitudinal or caudal migration, 3, 24, 25 image analysis often reveals significant lateral movement of the endograft, as depicted in Figure 8 . The 5.5-cm aneurysm was treated with an endograft, and post-implantation computed tomography (CT) showed good position of the endograft with complete aneurysm exclusion and no endoleak. Lateral projection of the 3D CT image shows anterior curvature of the endograft, which is similar to the curved computational endograft model in this study. At 1 year, there was 1.6-cm anterior displacement of the endograft (Fig. 8) ; after 3 years, there was continued anterior endograft displacement, with 2.3 cm lateral movement of the endograft relative to the spine. The aneurysm remained unchanged in size, and there was no endoleak; however, there was significant movement of the endograft in the same direction as the sideways displacement force demonstrated in the computational model in this study. There is anterior displacement of the aorta and endograft at 1 year with increased anterior displacement at 3 years. The movement is in the same direction of the sideways vector of displacement force demonstrated in the computational analysis. Note: these datasets correspond to a different patient than the one considered for the computational analysis. Figueroa et al. A recent clinical study has shown that lateral movement of endografts within the aneurysm sac is an indicator of stent-graft instability. In a study of 60 high-risk patients treated with both suprarenal and infrarenal endografts, Rafii et al. 26 showed that lateral endograft movement within the aneurysm sac at 1 year was associated with an increased risk of late adverse events, including development of type I endoleaks, stent-graft migration, and the need for secondary procedures. Other reports of endograft migration have shown evidence of lateral endograft movement in published images, 27, 28 which are consistent with the displacement force analysis findings in our study. The results presented here indicate that the total force experienced by AAA endografts in vivo greatly depends on the level of curvature to which these devices are exposed. This curvature is determined to some extent by the neck and iliac angulations, but it is also a function of the level of tortuosity of the aneurysm sac. Therefore, graft curvature in vivo might be an important predictor of migration, since we have demonstrated that geometries exposed to nearly identical levels of pressure experience very different migration forces. Our results show that the larger the curvature, the larger is the migration force for the same level of internal pressure.
Many patients treated with aortic endografts have severe degrees of aortic neck and iliac angulation and aneurysm tortuosity. These patients are likely to be at an increased risk of migration based on the migration forces acting on the endograft. In general, in tortuous geometries with important curvatures, the largest component of the migration force will be contained in the plane of the highest curvature. Currently available endografts have not been designed to deal with such degrees of tortuosity. Future endograft device design should take into consideration the orientation of the displacement force vector in order to ensure long-term stability of the device.
Limitations
Our simulations have been based on the assumption that the baseline supraceliac flow waveform and outflow boundary conditions for the untreated and stented AAA models remain unchanged. This is a reasonable first approximation for the resting conditions modeled since it is unlikely that repair of AAA will have much of an effect on the already low resistance of the infrarenal aortic segment under this low-flow state. As a result, since stent-graft implantation would be unlikely to alter the pressure drop across the infrarenal region (as the first graph of Figure 6 indicates), the effect on supraceliac flow waveform or the outflow boundary conditions would be expected to be minimal under resting conditions. In any event, further refinement of the inflow and outflow boundary conditions under resting conditions or the extension to higher flow states would require flow and pressure measurements before and after stent-graft implantation on a patient-specific basis.
In addition, we have assumed smooth lumen transitions of the endograft in both the neck and iliac regions. This is often not the case, particularly in cases of severe angulation, and this may affect the force analysis results presented here. We have also assumed that pressure in the aortic aneurysm sac after endograft deployment is zero. This is not the case in patients who have endoleaks after endovascular aneurysm repair.
Furthermore, these results have been obtained under the assumption that both the arterial and graft walls are rigid. However, both the aortic wall and endograft fabric may have varying degrees of movement. Future work, which includes the compliance of the vessel walls, is needed to evaluate how much changes in compliance might affect the forces experienced by endografts. 29 Lastly, the analysis presented here provides just an estimate of the total force acting on an endograft. Actual endograft migration will depend not only on this force, but also on a number of other factors that are not considered in this analysis, such as the friction developed at the fixation points between the graft and the wall, fixation length, longitudinal columnar force, and the influence of penetrating hooks and barbs.
Conclusion
The primary orientation of the displacement force vector acting on an endograft implanted in an AAA is sideways rather than downward with respect to the direction of blood flow. The magnitude of the displacement force is greatly influenced by the curvature of the endograft; greater degrees of endograft curvature result in increased total and increased sidewaysdirected displacement force. Three-dimensional computational analysis may provide a powerful tool to evaluate the risk of endograft migration in vivo. 
